The most general investigation and exploitation of light-induced processes require simultaneous control over spatial and temporal properties of the electromagnetic field on a femtosecond time and nanometer length scale. Based on the combination of polarization pulse shaping and time-resolved two-photon photoemission electron microscopy, we demonstrate such control over nanoscale spatial and ultrafast temporal degrees of freedom of an electromagnetic excitation in the vicinity of a nanostructure. The time-resolved cross-correlation measurement of the local photoemission yield reveals the switching of the nanolocalized optical near-field distribution with a lateral resolution well below the diffraction limit and a temporal resolution on the femtosecond time scale. In addition, successful adaptive spatiotemporal control demonstrates the flexibility of the method. This flexible simultaneous control of temporal and spatial properties of nanophotonic excitations opens new possibilities to tailor and optimize the lightmatter interaction in spectroscopic methods as well as in nanophotonic applications.
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coherent control | nanophotonics | plasmonics | ultrafast spectroscopy T he interaction of light with matter is of fundamental importance in many areas of nature, science, and engineering, and the dynamics and efficiency of light-induced processes are determined by the properties of the optical field as a function of space and time at the location of interaction. Hence their most general investigation and exploitation would require the generation of light fields that can be specified at will in both their spatial and temporal degrees of freedom at all length and time scales. In the past, significant progress has been made toward realizing either of these two manipulation objectives separately. For temporal field properties, femtosecond laser pulse shaping (1) offers flexible control over the field amplitude, phase, and polarization (2, 3) on an ultrashort time scale. This has been exploited for coherent control over numerous quantum-mechanical systems (4, 5) . For the case of spatial light-field properties, on the other hand, emerging nanooptical techniques (6) have made available spectroscopy beyond the Abbe diffraction limit, as, for example, nanoantenna-assisted addressing of individual molecules (7). Combination with femtosecond excitation offers high resolution in space and time (8) (9) (10) (11) (12) (13) (14) (15) and opens routes toward novel applications (16, 17) . In particular, deliberate spatial manipulation of optical near-field distributions was realized with adaptive and coherent control methods (9, (11) (12) (13) (18) (19) (20) (21) (22) . In our recent demonstration of adaptive control of nanooptical fields (13) , only spatial properties of optical near-field distributions were accessed. In the present work, in contrast, we directly measure and control also the temporal evolution of the nanoscale excitation. This information is obtained and exploited here using time-resolved cross-correlation measurements with one polarization-shaped "pump" light pulse and one bandwidth-limited "probe" pulse. The observed time-dependent cross-correlation patterns contain information on the local spatial excitation as well as the temporal evolution. We demonstrate the simultaneous control over spatial and temporal degrees of freedom of electromagnetic excitations in the vicinity of a nanostructure, and we achieve switching of the near-field localization with a lateral resolution well below the diffraction limit on a nanometer length scale and a temporal resolution on a few-femtosecond time scale. . 1A shows the experimental scheme. The basic idea is that a suitable polarization-shaped (2, 3) femtosecond pump laser pulse creates a time-and space-dependent excitation pattern in a nanostructure-i.e., a transient spatial distribution of photoexcited electrons-that depends on the laser pulse shape, the local optical response of the nanostructure, and the coherent and inelastic lifetime of the electronic excitation in the material. The spatial excitation pattern is then monitored via time-resolved two-photon photoemission electron microscopy (23) using a circularly polarized probe pulse that excites the electrons from intermediate states into the continuum (Fig. 1A, Inset) as a function of a variable temporal delay τ. Note that the population of excited electrons dominates the time-resolved signal in the present case. Polarization pulse shaping (2, 3) is achieved by employing a zero-dispersion compressor and a two-layer 128-pixel LCD spatial light modulator in its Fourier plane. Intensity, phase, ellipticity, and orientation angle can thus be varied within a single pulse. Pulses are generated by a Ti∶Sapphire oscillator at 75 MHz repetition rate, 795 nm center wavelength, and a bandwidth of about 25 nm. The pump pulse shown in Fig. 1A is created by splitting the spectrum in a red (>796 nm) and blue part (<796 nm), applying a phase difference of π between both LCD layers for the red part and identical linear spectral phases for the blue part. In addition, a linear spectral phase has been applied to separate the red and blue subpulses by 200 fs. The shaped pulses are characterized via dual-channel spectral interferometry using an independently determined reference pulse (2, 3) . The much weaker bandwidth-limited probe pulse is circularly polarized to minimize the effect of a distinct polarization direction. It arrives at an adjustable delay τ (Fig. 1A ) and in addition optical interference between pump and probe pulses is averaged out by a fast dither (AE2 fs) of the temporal delay using a piezo-driven delay stage. Photoemission patterns (Fig. 1C-E) are recorded with better than 50-nm resolution by a photoemission electron microscope (PEEM) oriented along the z axis. After amplification with a microchannel plate, readout occurs either with a phosphorus screen and a Peltier-cooled CCD camera (for Fig. 1C ) or a delay-line detector (24) (all other figures) that allows single-event counting and thus improves the detection of small To whom correspondence should be addressed. E-mail: pfeiffer@physik.uni-bielefeld.de.
Results

Fig
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0913556107/DCSupplemental. signal variations. Long-term drifts within cross-correlation measurements are corrected by alternately recording PEEM patterns with and without pump excitation and using the latter as a position reference.
We investigate a "sun-shaped" planar silver nanostructure of 40-nm height on an indium tin oxide layer on glass (Fig. 1B) . One-photon PEEM with ultraviolet light (Fig. 1C ) reflects directly the geometry of the nanostructure and acts as a reference for time-resolved two-photon PEEM images. To facilitate twophoton photoemission around 795-nm wavelength, the surface was dosed with Cs to reduce the work function just below the two-photon photoemission threshold. Time-integrated twophoton PEEM patterns recorded with either the pump pulse only (Fig. 1D ) or the probe pulse only (Fig. 1E) show very similar emission patterns. These signals form a time-independent background and therefore are measured separately and subtracted from the time-resolved PEEM patterns shown below.
In the first example of spatiotemporal control (Fig. 2) , the polarization-shaped pump pulse as depicted in Fig. 1A is used to excite the nanostructure. The temporal amplitudes for the transverse electric (TE; black dashed line) and the transverse magnetic (TM; purple solid line) components are shown in Fig. 2A . After subtraction of the time-independent background generated by pump-only and probe-only two-photon photoemission this excitation leads to the time-dependent cross-correlation signal displayed in Fig. 2B . Pump and probe fluences are adjusted to 30 nJ cm −2 and 3 nJ cm −2 , respectively, to yield a strong pumpprobe effect of about the same magnitude as the background emission. For the given fluences saturation effects in the twophoton photoemission process are excluded because the fraction of excited electrons remains below 10 −3 , already taking into account that the local excitation might be enhanced by field localization effects. Apart from the total electron yield integrated over the whole nanostructure (black), we plot the individual signals from different spatial regions of interest (ROI 1 as dashed green and ROI 2 as solid red rectangle in Fig. 2C and D) . The cross-correlation emission patterns for delay snapshots τ ¼ 13 fs (Fig. 2C ) and τ ¼ 213 fs (Fig. 2D ) display striking differences. For temporal overlap of the probe pulse with the first subcomponent of the polarization-shaped pump pulse (at τ ¼ 13 fs) the emission maximum is located in ROI 1 in the lower part of the nanostructure (Fig. 2C) , whereas it is located in ROI 2 for overlap with the second subcomponent (at τ ¼ 213 fs, Fig. 2D ).
In Fig. 2B , local emission is switched with an "on-off" ratio of about three within a switching time that we set to 200 fs by design of the pump pulse. However, this is not the intrinsic switching speed limit of spatiotemporal control, which is rather determined by the bandwidth-limited pulse duration of about 40 fs. By reducing the temporal separation of the two subpulses of the pump pulse, we experimentally achieved spatial switching of the emission pattern with a switching time down to 50 fs. The switching time is limited by the lifetime of the collective plasmonic excitations of the nanostructure and by the lifetime of the photoexcited electrons in the intermediate states. In the present case, these two effects are negligible because the observed total cross-correlation signal (Fig. 2B, black line) closely follows the pump-pulse envelope and thus the involved lifetimes of collective and singleparticle excitations must be short compared to the bandwidth limit of the pump pulse.
The regions of interest evaluated in Fig. 2B are separated by about 250 nm. The length scale over which local switching of excitations can be achieved is defined by the properties of the nanostructure that acts in the present case as an antenna for the incident radiation. Accordingly, ultrafast switching of nanosized patterns of photoexcited electrons is achieved with a spatial resolution below the λ∕2 diffraction limit by exciting an individual nanostructure with a single polarization-shaped excitation pulse. The diffraction limit matters in the present context, because excitation switching on a larger scale could already be achieved by conventional far-field optics. Thus, it is the advantage of our concept to combine a suitably designed nanoantenna with femtosecond polarization shaping to overcome this far-field-optics limitation.
This demonstration of ultrafast nanoscale switching significantly differs from our previous work (13) in which timeintegrated two-photon PEEM patterns were shifted in space only. Whereas this spatial control was achieved via the spatial field distribution and/or the field evolution in time, this ambiguity is overcome in the present investigation by the application of time-resolved two-photon photoemission measuring the crosscorrelation of the excitation created by a polarization-shaped pump pulse and a bandwidth-limited probe pulse.
The choice of the particular pump-pulse shape of Fig. 1A was motivated by the expectation that two almost perpendicularly oriented subpulses lead to distinguishable excitation patterns, as it was indeed observed experimentally. Indeed, we have recently derived an analytic solution for the global optimum in spatial contrast control of nanostructure excitations (18) . In that work we showed that, if a certain polarization pulse shape leads to optimal contrast between excitation at position A versus excitation at position B, then the opposite contrast (i.e., strong excitation at B and weak excitation at A) is achieved if the phase difference between the two excitation polarizations is changed by π. This is just what we have done in the example here: The phases applied to the two LCD layers differ by π for the red part of the spectrum and are identical for the blue part, i.e., the phase differences differ by π, and indeed the photoemission switches correspondingly between the two different regions of interest. In that sense, the excitation achieved with the sample pulse from Figs. 1A and 2 is an experimental confirmation of the analytic result (18) . Still, besides the momentary polarization of the incident radiation, other control mechanisms, such as spectral switching and local spectral phase compensation (18, 19) , might influence the spatiotemporal evolution of the excited-electron distribution. However, selective excitation of the two regions of the nanostructure by the different spectral distributions of the two subpulses of the pump pulse is excluded because each spectral component of the pump pulse shows the same spatial switching behavior if the polarization is changed from TM to TE. Hence we conclude that indeed the polarization degree of freedom is essential to achieve spatiotemporal control, as we have seen already in theoretical investigations (19) . The localization of the excitations in either a gap region (TE polarization) or in one arm of the nanostructure (TM polarization) suggests that primarily the matching of the incident polarization to local excitation dipoles is the dominating control mechanism. It is important to note that this control mechanism does not rely on the interference of the coherences created by the two subpulses of the pump excitation.
The results presented up to now serve as a proof of principle for spatiotemporal control of local excitation. However, the method is more flexible because complex polarization-shaped laser pulses from closed-loop optimization can also be employed. Thus, one can realize complex space-time evolutions of excitation patterns. For this purpose, we use adaptive control in which the time-dependent PEEM signal is recorded with superimposed pump and probe pulses at one or several different delay positions τ serving as experimental feedback in a learning loop. An evolutionary algorithm (25) modifies the polarization pulse shape such that an electric near field with particular nanometer spatial and ultrafast temporal characteristics is created.
A demonstration example is shown in Fig. 3 . Here the objective was again minimization and maximization of the emission ratio between two predefined regions of interest (solid red rectangle and sum of two dashed green rectangles in Fig. 3C and D) for two different time windows. Specifically, we desired excitation predominantly in the green region for τ ¼ −500 fs, and in the red region for τ ¼ þ500 fs. To achieve this, the following strategy was pursued: The pump-pulse spectrum was divided in a long- wavelength (>796 nm) and a short-wavelength (<796 nm) part. Two independent optimizations were performed with superimposed pump and probe pulse at τ ¼ 0 fs, minimizing and maximizing the "red"/"green" emission ratio for the long-and shortwavelength part of the spectrum, respectively. The obtained optimized pulses were then shifted by 500 fs on the time axis by adding and subtracting linear spectral phases to the respective spectral regions, with the long-wavelength part shifted to earlier time. In the actual optimizations 10 free parameters, i.e., 10 phase values at different wavelength values, were used for each LCD layer. The 128 phase values for each layer were obtained from spline interpolation of the phase over the whole spectral range of the shaper. The maximum phase difference over the spectral range was limited to 20 rad. The spatial PEEM drift was determined from excitation patterns recorded with probe excitation only, directly before and after each generation. Each individual PEEM pattern from the corresponding generation was then corrected using the linearly interpolated momentary drift vector.
The envelopes of the resulting far-field TE and TM polarization components of the optimal pump pulse are shown in Fig. 3A , and the PEEM cross-correlation for the two regions in Fig. 3B . It is seen that indeed for the negative-time window the green curve is higher than the red one, and vice versa for the positive-time window. Temporal snapshots of the excitation pattern at τ ¼ −507 fs (Fig. 3C ) and τ ¼ 493 fs (Fig. 3D) confirm the success of the optimization strategy with the desired spatiotemporal switching of emission.
The evolutionary algorithm explores a different strategy for reaching control than the one we adopted in the open-loop demonstration of Fig. 2 . It can be seen that emission from the red region (Fig. 3B, red curve) is relatively high with respect to the total yield (black curve) throughout most of the pulse, only at the target window of τ ¼ −500 fs it is suppressed as desired. On the other hand, the time dependence of emission from the green region (green curve) follows closely the total emission (if scaled accordingly). But even so, the desired contrast to the red region is achieved. At first sight it might seem suspicious that the algorithm retrieves a complex field evolution (Fig. 3A ) rather than one with reduced intensity outside of the gray bars. However, this simply reflects the fact that the feedback signal ("fitness") was defined for snapshots at two time positions only, and the other regions were not included, i.e., the PEEM signals at other times were not considered relevant. Thus the algorithm simply "moved" undesired excitation out of the temporal target window. The advantage of the adaptive approach, however, is that in a straightforward extension, one can use PEEM patterns for a larger number of different temporal delays between pump and probe as a feedback signal. Thus it will be possible to define complex time-dependent excitation patterns where the desired subwavelength spatial features can be specified at all time positions.
Discussion
The results shown up to now clearly demonstrate spatiotemporal control on a subwavelength length scale and a femtosecond time scale. However in the monitoring process, i.e., a two-photon photoemission process, both excitation pulses are involved and it is therefore important to disentangle the role of pump and probe pulse in the actually observed emission pattern. In the following we show that the observed cross-correlation signal indeed reflects the desired spatiotemporal control of a nanooptical excitation via polarization pulse shaping. Two observations indicate that primarily the pump pulse is responsible for the observed evolution of the PEEM pattern: (i) the total cross-correlation signal (Fig. 2B, black line) follows the envelope of the polarization-shaped pump pulse ( Fig. 2A) , and (ii) the probe excitation does not introduce an additional spatial preference of the total excitation since the time-integrated two-photon emission patterns for independent pump and probe excitation match closely (Fig. 1D and E) . The strong emission contrast between Fig. 2C and D is therefore evidence that local excitation in the nanostructure is switched because of the time-dependent polarization of the pump pulse.
For rigorous analysis, one has to take into account (i) modification of the local field because of the collective electronic response of the nanostructure, (ii) interference of local fields generated by pump and probe pulse, (iii) superposition of two different two-photon excitation pathways (Fig. 1A, Inset) , as well as (iv) electron relaxation and transport in the intermediate state.
These effects are considered in the following theoretical derivation that starts with a space-and frequency-dependent response function (19) to obtain the local field for given external pump and probe pulse shapes. We consider parallel local transition dipole moments p 1 ðrÞ and p 2 ðrÞ for the first and second excitation steps, respectively, and we treat two-photon excitation and relaxation in the intermediate state with a rate model, i.e., under the assumption of instantaneous dephasing (26, 27) . In polycrystalline silver films for electrons in intermediate states 1.5 eV above the Fermi energy, the energy relaxation lifetime is about 10 fs (28) Here I i ðr; tÞ is the squared amplitude of the local electric field component that is parallel to the transition dipole moments p 1 ðrÞ and p 2 ðrÞ and that is generated by illumination with the pump pulse (i ¼ α) or the probe pulse (i ¼ β). The first term, S 0 ðrÞ, describes the time-independent background from pump pulse and probe pulse alone ( Fig. 1D and E) that is subtracted in the experimental results ( Fig. 2C and 2D) . From the second term, S τ ðr; τÞ, it is evident that the background-free local photoemission yield can indeed be interpreted as cross-correlation between the local excitations generated by the local optical fields related to pump (α) and probe pulses (β), respectively. Note that the local excitations are pure populations because instantaneous dephasing is assumed in the present case. Because the probe pulse is bandwidth-limited (i.e., unshaped and roughly Gaussian) and because the probe pulse does not introduce a spatial emission preference in comparison to the time-integrated emission pattern of the pump pulse alone (Fig. 1D and E) , any variation of the observed cross-correlation must be attributed to the effect of the shaped pump pulse. In other words, Eq. 1 proves that, because I β ðr; tÞ is unshaped, any spatiotemporal evolution S τ ðr; τÞ of the PEEM patterns observed experimentally must arise from an ultrafast space-time variation I α ðr; tÞ of the excitation due to the polarization-shaped pump pulse. What is then the control mechanism? The local field amplitude ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi I α ðr; tÞ p arises either from constructive or destructive interference of two different near-field modes excited by the two far-field TE/TM components or from the matching of the incident polarization to local dipoles (19) . In both cases, the spatial excitation pattern is determined by the polarization shape and the desired time structure of the local excitation is controlled by the correct spectral phase (19) .
The nanostructure and its spectral response play an important role in the achieved control. The nanostructure is designed to facilitate the anticipated control mechanisms (18, 19) and was chosen to exhibit significant symmetry breaking (different arm lengths), polarization sensitivity (orientation of the arms), and a chance that different localized modes interfere in the center dot of the "sun." One of our target areas for switching was located in the gap region between an arm and the center dot. In case of TE excitation, the gap mode of the particular arm and the center dot is responsible for the localized excitation. This mode has a dipole moment oriented along the arm and should strongly couple to TE polarized light because the arm is oriented along the y direction. In contrast, the other of the two target areas was located close to the center of one arm. This area is more strongly excited with TM-polarized illumination because the arm is oriented almost in x direction. A strong interference of near-field modes is anticipated in the center dot of the nanostructure and there no significant spatial switching is apparent. Therefore the dominant control mechanism in the present case is the matching of the incident polarization to localized plasmonic modes of the particular nanostructure.
Summarizing, we have demonstrated spatiotemporal control of optical near-field distributions via the excitation with polarization-shaped light pulses. The theoretical treatment shows that the time-resolved two-photon photoemission cross-correlation signal indeed directly reflects the evolution of the local excitation in a nanostructure. In the limit of fast dephasing and short excitedelectron lifetime the local excitation of electrons reflects the fields at the surface and thus maps also the local optical near-field evolution. Spatiotemporal excitation control as demonstrated experimentally in this work opens fascinating possibilities for studying electronic relaxation and transport within nanostructures, as pump and probe interactions can be separated both temporally and spatially on the relevant time and length scales. An even broader range of applications is conceivable if the nanostructure is used as a tailored antenna for a system located in its vicinity. For example, one could study electronic couplings and transport with direct spatiotemporal resolution in molecular assemblies, coupled quantum dots, nanowires, or similar systems. From the perspective of coherent control, the method provides nanoscale space-time manipulation beyond the dipole approximation: Extended quantum wave functions would experience a complex spatially inhomogeneous time-dependent excitation such that in comparison to plane-wave excitation many more degrees of freedom are available. Thus light-matter interaction could be optimized in a very general way for usage in many branches of fundamental and applied research such as for novel spectroscopic and microscopic methods, nanosensing, optical information processing, or quantum computation.
